Suppressor of cytokine signaling-3 (SOCS3) expression is induced by the Janus kinase (JAK)signal transducer and activator of transcription 3 (STAT3) signaling pathway. SOCS3 then acts as a feedback inhibitor of JAK-STAT signaling. Previous studies have shown that knocking down SOCS3 in spinal cord neurons with Lentiviral delivery of SOCS3-targeting shRNA (shSOCS3) increased spinal cord injury (SCI)-induced tyrosine phosphorylation of STAT3 (P-STAT3 Tyr), which in part contributed to decreased neuronal death and demyelination as well as enhanced dendritic regeneration and protection of neuronal morphology after SCI. However, the role of serine phosphorylation of STAT3 (P-STAT3 Ser) is in large part undetermined. Our purposes of this study were to evaluate the expression patterns of P-STAT3 Ser and to explore the possible role of SOCS3 in the regulation of P-STAT3 Ser expression. Immunoblot analyses demonstrated that Oncostatin M (OSM), a member of the interleukin-6 (IL-6) cytokine family, induced both P-STAT3 Tyr and P-STAT3 Ser in SH-SY5Y cells. Subcellular fractionation further revealed that P-STAT3 Ser was localized in mitochondria. Overexpression of SOCS3 with a Lentivirus-mediated approach in SH-SY5Y cells inhibited OSM-induced P-STAT3 Ser in both cytosol and mitochondria fractions. In contrast, OSM-induced P-STAT3 Ser was further upregulated in both cytosol and mitochondria when SOCS3 was knocked down by Lentivirus-delivered shSOCS3. Using a rat T8 spinal cord complete transection model, we found that SCI induced upregulation of P-STAT3 Ser in the mitochondria of macrophages/microglia and neurons both rostral and caudal to the injury site of spinal cord. Collectively, these results suggest that SOCS3 regulation of STAT3 signaling plays critical roles in stress conditions.
Introduction
Many axons fail to regenerate after central nervous system (CNS) injury, which leads to permanent neurologic deficits and eventually functional disability (Ferguson and Son, 2011) . Failure of CNS neuronal regeneration is attributed to many inhibitory molecules found in the injured CNS (Luo and Park, 2012) , such as suppressors of cytokine signaling (SOCS) . Of the different SOCS members, suppressor of cytokine signaling-3 (SOCS3) has attracted considerable recent attention due to its prominent role in limiting cytokine-mediated axon regeneration (Miao et al., 2006; Newbern et al., 2009 ). Overexpression of SOCS3 has been shown to block nuclear translocation of signal transducer and activator of transcription 3 (STAT3) and neurite outgrowth of dorsal root ganglia (DRG) neurons (Miao et al., 2006) . STAT3 phosphorylated at Tyr 705 (P-STAT3 Tyr) acts as a transcriptional activator for many target genes. STAT3 can also be phosphorylated at Ser 727 (P-STAT3 Ser) Zouein et al., 2015) . P-STAT3 Ser is found in mitochondria when STAT3 is activated ). Mitochondrial P-STAT3 Ser regulates metabolic functions in mitochondria to support growth of certain types of cancer cells (Gough et al., 2009 ). More recently, mitochondrial P-STAT3 Ser was shown to facilitate neurite outgrowth in response to nerve growth factor (NGF) (Zhou and Too, 2011) .
Expression of SOCS3 in neurons plays a negative role in regulating cell survival and neurite outgrowth and is upregulated after SCI (Miao et al., 2006; Park et al., 2014; Park et al., 2015) . Following axonal injury, SOCS3 is upregulated rapidly in injured neurons (Fischer et al., 2004; Park et al., 2009 ) by cytokines of the interleukin-6 (IL-6) family via STAT3 activation . The upregulated SOCS3 acts through a feedback mechanism to inhibit the Janus kinase (JAK)-STAT3 signaling in the cytosol (Miao et al., 2006; Newbern et al., 2009 ). In the visual system, deletion of SOCS3 alone in adult retinal ganglion cells (RGCs) promotes limited axon regeneration (Newbern et al., 2009; Park et al., 2008; Smith et al., 2009) . These results coincided with our previous findings that T8 spinal cord complete transection induces both SOCS3 and P-STAT3 Tyr705 (P-STAT3 Tyr) in vivo.
Knocking down SOCS3 reduced spinal cord injury (SCI)-induced neuronal death and demyelination (Park et al., 2014; Park et al., 2015) . Furthermore, knocking down SOCS3 with Lentiviral-delivered short hairpin RNAs (shRNAs) (shSOCS3) protected neuronal morphological features and enhanced dendritic regeneration after SCI (Park et al., 2014; Park et al., 2015) , which might be attributable to increased P-STAT3 Tyr.
Although a number of studies have reported that SOCS3 inhibits P-STAT3 Tyr as a negative regulator to terminate signaling (Miao et al., 2006; Newbern et al., 2009; Park et al., 2014; Park et al., 2015) , regulation of P-STAT3 Ser by SOCS3 is poorly understood. The present study addressed these issues, using immunoblot analyses of P-STAT3 Ser levels in SH-SY5Y neuroblastoma cells after stimulation with Oncostatin M (OSM), a member of the IL-6 cytokine family. Subsequent experiments used an animal model of SCI and harvested spinal cord tissues to test whether the effects described in SH-SY5Y cells were similarly elicited in the CNS, particularly after SCI. Together, the results from these studies demonstrate that upregulated P-STAT3 Ser is located in mitochondria and is negatively regulated by SOCS3, a critical regulator for the development of secondary damage after SCI.
Materials and methods

SH-SY5Y cell cultures
The human neuroblastoma cell line SH-SY5Y (ATCC, Manassas, VA) (Lai et al, 2006; was grown in DMEM/F12 with 10% fetal bovine serum, 2 mM L-Glutamine, and 1% penicillin-streptomycin. For SH-SY5Y cell differentiation, cells were grown in fresh medium containing 10 μM all-trans retinoic acid for 5 days. Recombinant OSM (10 ng/ml; R&D Systems; Minneapolis, MN) was added to cells for the times indicated in the individual figure. Protein lysates were prepared and subjected to subcellular fractionation, followed by immunoblot analyses.
SOCS3 overexpression or knockdown by Lentiviral vector production and infection
To overexpress SOCS3, the human SOCS3 open reading frame was cloned into the Lentiviral vector pLVX-IRES-ZsGreen (pLVX; Invitrogen, Grand Island, NY) to generate SOCS3/pLVX-IRES-ZsGreen (SOCS3/pLVX) . To knock down SOCS3 expression, a Lentiviral plasmid pGipz, encoding shRNA specific for SOCS3 (shSOCS3/ pGipz), was purchased from Open Biosystems (Lafayette, CO). Lentiviral particles were generated by calcium phosphate-mediated co-transfection of HEK-293T cells with pLVX, SOCS3/pLVX, pGipz, or shSOCS3/pGipz, together with psPAX2 (packaging plasmid) and pMD2G (envelope plasmid). Virus was collected after 72 h and titers up to 3-4×10 7 infectious units/ml were obtained (Park et al., 2014; Park et al., 2015) . SH-SY5Y cells were infected with Lentivirus delivering pLVX, SOCS3/pLVX, pGipz, or shSOCS3/pGipz, sorted by FACS analysis using green fluorescence protein (GFP) expression, and stored at −80°C .
Animals
Adult female Sprague-Dawley rats (220-250 g; Harlan Laboratories, Madison, WI) were divided randomly into two groups: (1) sham control group (CON; laminectomy only; n = 12) or (2) T8 spinal cord transection (Tx) group (n = 18). Rats were housed in standard laboratory cages with a 12:12 hour light/dark cycle with standard rodent chow and water available ad libitum. All experiments were performed during the light cycle. All animal procedures were approved by the Cleveland Clinic Institutional Animal Care and Use Committee (IACUC).
Spinal cord injury
All surgical procedures were conducted under aseptic conditions. Before surgery, all animals were anesthetized with 2% isoflurane gas mixed with oxygen. Rats were maintained on a heating pad and rectal temperature was monitored and maintained at 36.5±1.5°C during surgery. Animals in the CON group underwent a laminectomy only (T8 level). In the Tx group, a laminectomy was followed by complete transverse cuts of the spinal cord at the T8 level, resulting in a gap of ~2-3 mm. A surgical microscope was used to ensure the complete removal of neural tissue, including fiber bundles. Muscle and skin layers were closed with 2-0 sutures. The bladders of all spinal cord-transected rats were expressed manually twice per day throughout the experimental period (Park et al., 2014; Park et al., 2015) .
Isolation of mitochondria and cytosol
Subcellular fractionation of mitochondria and cytosol from cultured SH-SY5Y cells was accomplished using a mitochondrial isolation kit (Thermo scientific, Waltham, MA) according to the manufacturer's guidelines. Briefly, SH-SY5Y cells at the indicated time points after treatment were washed with ice-cold phosphate-buffered saline (PBS) and harvested. The cultured cells were centrifuged and mitochondria were extracted from the cell suspensions. The resulting supernatants and pellets were designated as the cytosolic and mitochondrial fractions, respectively. Equal amounts of protein (30 μg) were mixed with loading buffer (0.125 M Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 10% mercaptoethanol, and 0.002% bromophenol blue), boiled for 5 min, and separated by SDS-PAGE. For in vivo studies, spinal cord tissues were harvested from regions 5 mm rostral or caudal to the epicenter at the indicated time points after complete SCI and then subjected to subcellular fractionation of mitochondria and cytosol according to the manufacturer's guidelines.
Immunoblotting
Cultures treated with OSM were lysed in buffer containing the following: 150 mM NaCl, 10 mM Na 2 HPO 4 (pH 7.2), 0.5% sodium deoxycholate, 1% NP-40, and protease inhibitor mixture. Forty μg of total cell lysate was separated by electrophoresis on 8% SDSpolyacrylamide gels and blotted with antibodies against P-STAT3 Tyr, P-STAT3 Ser, total STAT3, β-actin (Cell Signaling Technology; Beverly, MA), GAPDH, and ATP5A (Abcam; Cambridge, MA) (Park et al., 2014; Park et al., 2015; Park et al., 2012) . Immunoreactivity was assessed using Pierce ECL® or SuperSignal® West Dura substrate (Thermo Scientific, Rockford, IL). For quantitative analyses, the densities of bands on immunoblots were measured with ImageJ software. For in vivo studies, spinal cord tissues were obtained from areas 5 mm rostral or caudal to the injury at the designated time point after SCI. The tissues were homogenized in ice-cold lysis buffer and equal amounts of protein (40 μg) were separated by SDS-PAGE. The blots were then incubated with antibodies and developed as described previously (Park et al., 2014; Park et al., 2015) .
Immunostaining of spinal cord tissue
Animals were anesthetized at time points indicated for individual experiments after SCI or sham procedures and then transcardially perfused with 0.9% saline followed by 4% paraformaldehyde. Spinal cords were removed, post-fixed overnight at 4°C in 4% paraformaldehyde, and stored at 4°C in 30% sucrose solution until sinking. The spinal cord segments 5 mm rostral or caudal to the injured site were then transversely sectioned on a cryostat (30 μm) and collected for immunohistochemistry (Park et al., 2014; Park et al., 2015) . Briefly, free-floating serial sections were washed three times for 10 min with PBS and blocked with PBS containing 3% normal horse serum and 0.25% Triton X-100 for 1 h at Park et al. Page 4 Exp Neurol. Author manuscript; available in PMC 2017 October 01.
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Author Manuscript room temperature. Sections were then incubated overnight with gentle agitation at room temperature with PBS containing 0.5% BSA in the following antibody combinations: (1) P-STAT3 Ser (1:1000) and neuronal-specific nuclear protein NeuN (1:5000; EMD Millipore, Billerica, MA) for neurons, (2) P-STAT3 Ser and ED1 (1:1000; Thermo Scientific, Rockford, IL) for macrophages/microglia, and (3) P-STAT3 Ser and glial fibrillary acidic protein (GFAP) for astrocytes (1:4000; Dako, Glostrup, Denmark). Sections were then washed with PBS and incubated for 1 h at room temperature with a secondary antibody conjugated by Alexa Flour 488 or 594 as appropriate (1:2,000; Life Technologies, Grand Island, NY). Tissues were then washed and mounted with Vectashield mounting medium (Vector Laboratory, Burlingame, CA). Sections were examined and all images were taken using a fluorescent microscope (DM6000; Leica Microsystems, Buffalo Grove, IL).
Statistical analysis
All experiments were performed utilizing three different passages of SH-SY5Y cells or tissues from individual animals, and repeated at least three times separately. All values are expressed as mean ± SEM. Statistical significance (p<0.05 for all analyses) was assessed by ANOVAs using GraphPad Prism 5.01 (GraphPad, San Diego, CA), followed by Student-Newman-Keuls analyses.
Results
OSM differentially induces P-STAT3 Tyr and P-STAT3 Ser in SH-SY5Y cells
SOCS3 expression is induced by cytokines from the IL-6 family via STAT3 activation . A number of studies have reported that SOCS3 inhibits P-STAT3 Tyr as a negative regulator to terminate JAK-STAT3 signaling. However, the detailed mechanisms underlying the effects of SOCS3 on STAT3 activation, in particular the expression of P-STAT3 Ser, remain to be elucidated. In order to investigate how SOCS3 regulates P-STAT3 Ser, which is an indicator of STAT3 activation, the expression of P-STAT3 Ser by SH-SY5Y cells after stimulation with OSM was first assessed by immunoblotting.
Immunoblotting analyses of SH-SY5Y cells demonstrated that OSM significantly induced P-STAT3 Tyr within 30 min, which was maintained up to 1 h and then quickly declined toward baseline levels ( Figs. 1A and B ). Basal levels of P-STAT3 Ser were observed in SH-SY5Y cells, which were significantly enhanced by OSM at 0.5 and 1 h and then gradually declined toward baseline levels ( Figs. 1A and B ). However, the levels of total STAT3 were only slightly altered in response to OSM stimulation, suggesting that activation of STAT3, as indicated by increased levels of both P-STAT3 Tyr and P-STAT3 Ser, was enhanced by OSM in SH-SY5Y cells.
Recent studies reported that P-STAT3 Ser is localized in mitochondria in neurons, which is independent of transcriptional regulation Zouein et al., 2015) . For this reason, we investigated whether OSM-induced P-STAT3 Ser is localized in mitochondria in SH-SY5Y cells. Cultured cells harvested at different time points after OSM treatment were separated into mitochondrial and cytosolic fractions and examined by immunoblotting. To confirm the isolated mitochondria were not contaminated with cytosol, ATP 5A and GAPDH were used as markers for the mitochondrial and cytosolic fractions, respectively. The results showed that control SH-SY5Y cells without stimulation with OSM had total STAT3 in both the mitochondrial and cytosolic fractions (Fig. 1C ). Interestingly, P-STAT3 Ser was also detectable in both mitochondrial and cytosolic fractions in control cells without OSM stimulation, whereas P-STAT3 Tyr was not detectable in control cells in either fraction (Fig. 1C ). Immunoblot analyses further showed that mitochondrial P-STAT3 Ser was significantly increased 30 min after OSM treatment, and then declined toward basal levels ( Figs. 1D and E) , while OSM-induced P-STAT3 Tyr was not found in mitochondria (Fig.  1D) .
SOCS3 negatively regulated OSM-induced P-STAT3 Ser in mitochondria
Basal expression levels of SOCS3 mRNA are very low in untreated control SH-SY5Y cells; however, both SOCS3 mRNA and protein expression are induced between 1-8 h in SH-SY5Y cells upon OSM treatment (data not shown). In addition, our previous results have demonstrated that decreasing SOCS3 expression with Lentiviral delivery of shRNA (shSOCS3) enhanced IL-6-induced P-STAT3 Tyr and promoted neurite outgrowth in vitro (Park et al., 2015) . These data indicate that suppression of SOCS3, which is both a target gene and a negative regulator of STAT3, is frequently associated with sustained activation of the IL-6/STAT3 pathway (Yuan et al., 2016) . We therefore tested whether SOCS3 expression influences P-STAT3 Ser, a STAT3 activation state that is not related to P-STAT3 Tyr or its transcriptional functions. To overexpress SOCS3, SH-SY5Y cells were infected with Lentivirus carrying SOCS3/pLVX (SOCS3/pLVX) or pLVX (as a control) and then treated with OSM. As shown in Figure 2A , overexpression of SOCS3 decreased basal levels of P-STAT3 Ser in SH-SY5Y cells ( Figs. 2A and B) . Such negative regulatory effects of Lentivirus-mediated SOCS3 overexpression on P-STAT3 Ser were even more significant when SH-SY5Y cells were treated with OSM for 0.5 h ( Figs. 2A and B) . These results indicate that levels of P-STAT3 Ser were decreased when SOCS3 was overexpressed. In SOCS3 knockdown experiments, SH-SY5Y cells infected with Lentivirus delivering shRNA to target SOCS3 (shSOCS3/pGipz) or control Lentivirus (pGipz) were treated with OSM for either 0.5 or 1 h. qRT-PCR analysis showed that shSOCS3/pGipz led to significant inhibition of OSM-induced SOCS3 mRNA expression (data not shown). Infection of Lentivirus with shSOCS3/pGipz significantly increased OSM induced-P-STAT3 Ser (Figs. 2C and D) compared to cells infected with control Lentivirus carrying pGipz (Figs. 2C and D) . Similarly, SOCS3 knockdown effects were also observed in untreated cells, as basal levels of P-STAT3 Ser were increased (Figs. 2C and D) . Results from Lentivirus-mediated modulation of SOCS3 levels demonstrated that STAT3 activation, in particular of P-STAT3 Ser levels, was negatively regulated by expression of SOCS3.
Thus far, we have shown that both STAT3 and P-STAT3 Ser were found in both cytosolic and mitochondrial fractions (Fig. 1) . Furthermore, mitochondrial P-STAT3 Ser was significantly increased by OSM stimulation in SH-SY5Y cells (Fig. 1 ). In addition, results from Lentiviral infection of SH-SY5Y cells to manipulate SOCS3 expression showed that SOCS3 negatively regulates the levels of P-STAT3 Ser in total cell lysates (Fig. 2) . We therefore hypothesized that SOCS3 could regulate levels of P-STAT3 Ser in mitochondria.
To test this, SH-SY5Y cells infected with Lentivirus delivering SOCS3 (SOCS3/pLVX) or pLVX only (as a control) were treated with OSM for 0.5 h. Total cell lysates were further separated into mitochondrial fractions by subcellular fractionation. OSM treatment increased P-STAT3 Ser in mitochondria of cells infected with control Lentivirus (pLVX) (Figs. 3A and  B ). However, both endogenous and OSM-induced mitochondrial P-STAT3 Ser were significantly inhibited when SOCS3 was overexpressed through infection of SH-SY5Y cells with Lentivirus carrying SOCS3/pLVX (Figs. 3A and B) .
In parallel, SH-SY5Y cells were infected with Lentivirus delivering shSOCS3/pGipz or pGipz to knock down SOCS3 or as a control, respectively, prior to treatment with OSM. Immunoblot analyses showed that infection with Lentivirus carrying shSOCS3/pGipz significantly increased both endogenous and OSM-induced P-STAT3 Ser in mitochondria when compared to cells infected with control Lentivirus delivering pGipz (Figs. 3C and D) . These data further verified that SOCS3 negatively regulates levels of P-STAT3 Ser in mitochondria.
SCI upregulates mitochondrial P-STAT3 Ser
Our previous results have demonstrated that knocking down SOCS3 increased neuronal protection and dendritic sprouting after SCI, which may be attributed to negative regulation of P-STAT3 Tyr after SCI by SOCS3 (Park et al., 2014) . As P-STAT3 Ser was upregulated by the cytokine OSM in both cytosolic and mitochondrial fractions of SH-SH5Y cells, we further investigated whether similar findings could be observed in spinal cord after complete SCI, an injury that results in upregulation of the IL-6 family of cytokines. Subcellular fractionation was used to examine the subcellular localization of STAT3 and P-STAT3 Ser after SCI by immunoblotting. The results showed that STAT3 was present in both the mitochondrial and cytosolic fractions of control spinal cords (Fig. 4A) . However, the basal levels of both P-STAT3 Tyr and P-STAT3 Ser were too low to detect (Fig. 4A ). Next, we tested whether complete SCI induced P-STAT3 Ser in rat spinal cord. Immunoblotting experiments demonstrated that total STAT3 expression was not significantly altered after T8 complete SCI (Fig. 4B ). However, expression of P-STAT3 Ser was upregulated by SCI as early as 2 days, which peaked at 4 days in areas both rostral and caudal to the injury site and then gradually declined toward baseline levels (Figs. 4B and C). We further determined whether SCI-induced P-STAT3 Ser was localized in mitochondria of spinal cord. Four days post-SCI was the time point selected for the subcellular fractionation, as the expression of P-STAT3 Ser peaked at 4 days after complete SCI (Figs. 4B and C). Spinal cords were separated into mitochondrial and cytosol fractions and processed for immunoblotting. As expected, P-STAT3 Tyr was not found in the mitochondrial fraction (Fig. 4D) . Total STAT3 was not significantly altered in areas both rostral and caudal to injury site, as compared to controls (Fig. 4D ). However, P-STAT3 Ser was significantly increased in mitochondria in the areas both rostral and caudal to the injury site ( Figs. 4D and E) .
SCI-induced P-STAT3 Ser is expressed by neurons and macrophages/microglia
Our previous results showed that T8 complete SCI increases SOCS3 in most, but not all, cells in a given field (Park et al., 2014) , thereby suggesting cell type-specific differences in response to SCI. To test responses by neurons and astroglia, spinal cords were harvested 4 days after SCI and processed for double labeling with antibodies against neuronal (NeuN), astrocytes (GFAP), or macrophages/microglia (ED1). As shown for a representative field of cells in Figure 5 , P-STAT3 Ser was expressed in NeuN-positive neurons (perikarya and neurites) and in ED1-positive macrophages/microglia, but not in GFAP-positive astrocytes. These results coincide with our previous findings (Park et al., 2014) that SOCS3 is upregulated in neurons (NeuN+) and microglia (OX-42+), but not astrocytes (GFAP+) after complete SCI.
Discussion
In the present study, we demonstrate that P-STAT3 Ser is significantly but transiently upregulated by OSM treatment in mitochondria in SH-SY5Y cells. The expression levels of P-STAT3 Ser in SH-SY5Y cells with or without OSM treatment can be negatively regulated, depending upon the levels of SOCS3. Furthermore, P-STAT3 Ser was significantly induced in the injured spinal cord within two days following SCI by neurons, macrophages, and microglia.
STAT3, a cytosolic transcription factor activated by diverse cytokines and growth factors, has been shown to exhibit an additional, non-transcriptional function in mitochondria (Garama et al., 2015) . Specifically, when phosphorylated at tyrosine 705 (Tyr705), P-STAT3 Tyr functions as a nuclear transcription factor that can contribute to oncogenesis (Yu et al., 2015) . STAT3 phosphorylated at serine 727 (Ser727) localizes in mitochondria (Yu et al., 2015) . Mitochondrial P-STAT3 Ser is required for optimal electron transport chain (ETC) activity and protects against stress-induced mitochondrial dysfunction , such as increasing levels of reactive oxygen species (ROS) (Han et al., 2014) . These findings indicate that STAT3 could have diverse roles, from conveying signals to the (1) nuclei by P-STAT3 Tyr to facilitate transcription of target genes such as SOCS3, and (2) mitochondria by P-STAT3 Ser to foster mitochondrial function. We have previously uncovered critical roles of P-STAT3 Tyr in neuroprotection against SCI. Furthermore, our data have shown that levels of P-STAT3 Tyr are negatively regulated by SOCS3 expression, which is upregulated by SCI. While the direct contribution of non-transcriptional, mitochondria-localized STAT3 to protection during SCI remains to be established, STAT3 mediates cardioprotection not only via canonical action as a transcription factor, but also as a modulator of ETC activity directly in the mitochondria (Szczepanek et al., 2015; . It is possible that SOCS3 plays a critical role in the neuropathological changes of SCI through regulation of not only P-STAT3 Tyr, but also P-STAT3 Ser. To test this, we first examined the effects of OSM on SH-SY5Y cells. OSM is a member of the IL-6 cytokine family that has been shown to induce both P-STAT3 Tyr and P-STAT3 Ser in primary cortical neurons and SH-SY5Y cells. Furthermore, SOCS3 expression is regulated upon OSM treatment in neurons . As shown in Figure 1 , both P-STAT3 Tyr and P-STAT3 Ser were significantly but transiently induced by OSM at 0.5 and 1 h, and then declined by 2 h. However, SOCS3 expression was significantly induced by OSM at the time after STAT3 activation, i.e. between 1 to 8 h. The overexpressed SOCS3, upregulated by STAT3 activation, then negatively regulates activation of STAT3, which in turn decreases levels of both P-STAT3 Tyr in the cytosol and P-STAT3 Ser in mitochondria (Fig. 6 ). Such negative feedback regulation was further verified by Lentivirus-mediated modulation of the expression of SOCS3. The OSM-induced P-STAT3 Ser was either decreased or increased by experimental strategies to overexpress SOCS3 or knockdown SOCS3 expression, respectively, suggesting that SOCS3 functions as a negative regulator of P-STAT3 Ser in mitochondria. Since P-STAT3 Ser is critical for the maintenance of mitochondrial function, it is important in the future to study whether knocking down SOCS3 decreases mitochondrial enzyme activity and/or increases antioxidant capacity.
Our data from a T8 complete SCI animal model showed that P-STAT3 Ser was significantly induced in spinal cord two days after SCI and then gradually declined to baseline levels after one week. SCI thus induced not only P-STAT3 Tyr as found previously (Park et al., 2014) , but also P-STAT3 Ser in mitochondria in a similar expression pattern, though P-STAT3 Tyr was not found in mitochondria. These data combined with in vitro results suggest that after SCI, inflammatory cytokines including the IL-6 family are upregulated, which leads to activation of STAT3 in both nuclei and mitochondria (Fig. 6 ). The findings from our lab and others suggest that STAT3 is important for mitochondrial function and cell viability by ensuring mitochondrial integrity and the expression of pro-survival genes (Park et al., 2014; Wegrzyn et al., 2009; Zouein et al., 2014) .
SCI causes axonal degeneration, which is strongly associated with mitochondrial dysfunction and neuronal damage. Axonal mitochondria are an important convergence point as regulators of bioenergetic metabolism, ROS, Ca 2+ homeostasis, and protease activation (Court and Coleman, 2012) . Permanent mitochondrial damage after SCI thus depends on calcium influx and mitochondrial permeability. Indeed, inflammation and demyelination have been shown to be strongly associated with mitochondrial dysfunction and neuronal damage in multiple sclerosis (Campbell et al., 2014; van Horssen et al., 2012) . This highlights the need to understand the pathophysiology of axonal mitochondria and the contribution of mitochondrial P-STAT3 Ser to degenerative mechanisms after SCI for novel therapeutic strategies. A number of anti-oxidant and anti-apoptotic genes are upregulated by STAT3 via nuclear P-STAT3 Tyr and mitochondrial P-STAT3 Ser to promote cell survival and reduce ROS production (Poli and Camporeale, 2015; Zouein et al., 2015) . Unfortunately, the relatively short period of upregulation of both P-STAT3 Tyr and P-STAT3 Ser may not be sufficient to protect spinal cord against SCI-induced pathological progression. Manipulating SCI-increased SOCS3 expression is therefore important to enhance and/or sustain the beneficial effects of STAT3 signaling, affecting in turn oxidative metabolism, inflammation, cell survival, and nerve regeneration. These are consistent with our previous data (Park et al., 2015) that suppressing SCI-induced SOCS3 overexpression by Lentiviral delivery of shRNA protects against SCI-induced cell death and demyelination, by which dendritic outgrowth is enhanced. Together, our findings indicate that SOCS3 could have diverse roles in the progression of SCI through regulation of (1) P-STAT3 Tyr to modulate transcription of target genes, and (2) OSM upregulation of mitochondrial P-STAT3 Ser is inhibited by SOCS3. (A) After infection with Lentivirus delivering pLVX (pLVX) as a control or SOCS3/pLVX (SOCS3/pLVX) to overexpress SOCS3, SH-SY5Y cells were treated without (CON) or with OSM (OSM) for 0.5 h and then mitochondrial fractions were isolated. Mitochondrial lysates were analyzed for P-STAT3 Ser, total STAT3, and ATP5A. (B) The densitometric ratios of P-STAT3 Ser versus total STAT3 were calculated and are shown as fold increase. ***p<0.001 compared to OSM-treated and pLVX-infected cells. (C) SH-SY5Y cells were infected with Lentivirus carrying pGipz (pGipz) as a control or shSOCS3/pGipz (shSOCS3/pGipz) to knock down SOCS3, and then treated with OSM for 0.5 h. Mitochondrial fractions were isolated and immunoblotted as described above. (D) The densitometric ratios of P-STAT3 Ser versus total STAT3 were calculated and are shown as fold increase. Graph represents the mean ± SEM of triplicate cultures in five separate experiments. *p<0.05 and **p<0.01 as compared to individual groups without knocking down SOCS3, respectively. Illustration of proposed STAT3 regulation by SOCS3. Stimulation with stress conditions, such as exogenous OSM or SCI, lead to translocation of STAT3 to nuclei and mitochondria, where STAT3 is phosphorylated at Tyr 705 (P-STAT3 Tyr) and Ser 727 (P-STAT3 Ser) residues, respectively. Increased nuclear P-STAT3 Tyr then enhances SOCS3 expression, and then upregulated SOCS3 negatively regulates activation of STAT3 in both mitochondria and nuclei (nail-shape line). Such negative regulation of STAT3 can be blocked by manipulation of SOCS3 levels using shSOCS3 (cross line). Park et al. Page 19 Exp Neurol. Author manuscript; available in PMC 2017 October 01.
